Biochemical measures have provided insight into the biomass and community structure of sedimentary microbiota without the requirement of selection by growth or quantitative removal from the sediment grains. This study used the assay of the hydroxy fatty acids released from the lipid A of the lipopolysaccharide in sediments to provide an estimate of the gram-negative bacteria. The method was sensitive to picomolar amounts of hydroxy fatty acids. The recovery of lipopolysaccharide hydroxy fatty acids from organisms added to sediments was quantitative. The lipids were extracted from the sediments with a single-phase chloroform-methanol extraction. The lipid-extracted residue was hydrolyzed in 1 N HCI, and the hydroxy fatty acids of the lipopolysaccharide were recovered in chloroform for analysis by gas-liquid chromatography. This method proved to be about fivefold more sensitive than the classical phenol-water or trichloroacetic acid methods when applied to marine sediments. By examination of the patterns of hydroxy fatty acids, it was also possible to help define the community structure of the sedimentary gram-negative bacteria.
Biochemical methods have proved to be very useful in assessing the microbial biomass of sediments (10, 18, 29, 32) . These methods are not dependent upon growth of the organisms for assay or on the quantitative removal of organisms from the sediments (10, 19) . Estimations of the total cellular biomass are readily made from the extractable phospholipid (32) . The procaryotic biomass can be unequivocally estimated from the muramic acid (10; R. H. Findlay, D. J. W. Moriarty, and D. C. White, Geomicrobiology J., in press). To translate the muramic acid content into cellular carbon, the proportion of cyanophytes, gram-negative, and gram-positive bacteria must be known (10, 18) . The proportions of gram-negative and gram-positive bacteria in sediments have been determined by examining the cell wall structure with the electron microscope (20) . An estimate of the gramnegative bacteria in sediments from an analysis of the lipopolysaccharide (LPS) has been provided by Saddler and Wardlaw (23) . They extracted sediments with phenol-water or trichloroacetic acid and assayed the LPS by its content of ketodeoxyoctonate and ,B-hydroxymyristic acid, as well as its anticomplementary activity when tested with human serum. The present paper describes a method for the optimization of the assay of LPS from sediments, using a simpler extraction that is more sensitive and at the same time yields specific information on the gram-negative bacterial community structure.
The method in the present study utilizes an initial lipid extraction. Previous work has shown that analysis of the lipids can be used in studies of the community structure (2, 30) . In this study, the lipid-extracted residue was subjected to mild acid hydrolysis, and the lipid A fatty acids were recovered. Purification and derivatization of the hydroxy fatty acids followed by analysis by gasliquid chromatography (GLC) yields a profile which can be compared to the catalogues of components from bacterial monocultures (21, 35) and can perhaps be utilized to gain indications of the community structure as described by Mayberry et al. (17) for clinical specimens. Lipid extraction. Sediments up to 50 g wet weight sieved through a 500-ixm screen in the field or 50 mg of lyophilized cultures were placed in a 250-ml separatory funnel and extracted with the modified one-phase chloroform-methanol Bligh and Dyer (1) extraction (32 ous content of buffer plus pore water was less than 30 ml, and 75 ml of anhydrous methanol and 37.5 ml of chloroform were added. The mixture was shaken and allowed to stand for at least 2 h. After 2 h, an additional 37.5 ml each of chloroform and water were added, the mixture was shaken, and the phases were allowed to separate for at least 24 h at room temperature. The chloroform phase was drawn off through a fluted Whatman 2V filter paper and analyzed for lipids (32) . After removal of the chloroform phase, the residue was transferred quantitatively to a 250-ml round-bottomed flask by using a portion of the aqueous phase. The residue was dried in vacuo on a rotary evaporator and suspended in 30 ml of 1 N HCI. After refluxing at 100°C for 5 h and cooling, the supernatant was transferred to a 125-ml separatory funnel with washes of 30, 10, and 10 ml of chloroform. The two phases were allowed to separate, and the chloroform was collected into a round-bottomed flask. 15 min, cooled in an ice bath, centrifuged at 3,000 x g for 10 min, and the aqueous layer recovered. The phenol layer was reextracted with water twice. The aqueous layers were collected, dialyzed against running water, centrifuged at 105,000 x g for 1 h, and the pellet lyophilized. The extract was hydrolyzed in HCI and the fatty acids were purified by TLC and analyzed as described above.
Trichloroacetic acid extraction. Samples of lyophilized E. coli were suspended in 1.0 N trichloroacetic acid in glass centrifuge tubes and extracted as de-PARKER ET AL.
addition of 1 ml of aqueous ammonia (1% [vol/vol]), the mixing was continued for 5 min. The suspension was centrifuged, the benzene layer recovered, and the sides of the tube and surface of the water were washed three times with benzene without mixing. The benzene washes were collected, the benzene removed in a stream of nitrogen, and the acylated esters dissolved in hexane for GLC. Hydrogenations. Fatty acid methyl esters were dissolved in hexane and hydrogenated for 1 h at 25°C at 1 atm (100 kPa) of H2 with a catalyst of platinum(IV) oxide (Aldrich). When samples were hydrogenated, an intemal standard of 80 nmol/ml of nonadecanoic methyl ester was added. The olefin esters were completely hydrogenated by this process (31) .
GLC. GLC was performed on a Varian 3700 instrument with either flame ionization detectors or a 63Ni electron capture detector, a model 8000 autosampler, a CDS 111 controller, and a Hewlett-Packard 3502 programmable laboratory data system. The chromatograph contained a 50-m glass capillary column (0.24 mm inside diameter) coated with the polar cyanoalkyl phenyl polysiloxane Silar 10C (Applied Science Laboratories, College Station, Pa.); it operated with splitless injection with a 0.5-min venting time, after a 2-,ul injection of hexane at 42°C followed by a linear increase of 1°C/min to 190°C. The helium carrier gas flow rate was 1 ml/min, with ultrapure nitrogen at 30 ml/min as the makeup gas. The injector temperature was 220°C and the detector 250°C.
Silane derivative formation. For gas chromatography-mass spectrometry (GC-MS), the fatty acid methyl esters were trimethylsilylated by adding 0.5 ml of freshly prepared pyridine-N,O-bis-(trimethylsilyl)trifluoroacetamide-hexamethyldisilazane-trimethylchlorosilane (TMSi), 0.2:1:2:1 (vol/vol) (prepared by adding each reagent in the order given with mixing), heating for 15 min at 50°C, removing the solvents in a stream of nitrogen, and dissolving in hexane for GC-MS analysis.
MS. The Hewlett-Packard 5995A GC-MS was operated by using the chromatographic parameters described above after autotuning with decafluorotriphenylphosphine at an ionization potential of 70 meV. The scan speed was 690 amu/s over the range 40 to 400 amu with a 0.5-s delay. The electron multiplier potential was 1,400 V, and the recovery system was operated in the peakfinder mode. (23) . Of the 3-OH 14:0 from the whole bacteria, 100 + 2.2% (n = 5) was found in the lipid-extracted residue.
Recovery of hydroxy fatty acids in the extraction procedure. The recovery of 0.42 ,umol of 3-OH 14:0 and 12-OH 18:0 added to acid washed sand and extracted and purified by TLC was 95 ± 12% and 100 ± 9%, respectively. The hydrolysis of this mixture in 1 N HCI for 2 h at room temperature resulted in recoveries of 98 ± 3% of the 3-OH 14:0 and 95 ± 6% of the 12-OH 18:0. Heating the hydrolysis mixture at 100°C for 5 h did not change the recovery. The addition of lyophilized E. coli to sediments resulted in quantitative recovery (99 ± 2%) of the 3-OH 14:0 added to the sediments. The sediments contained about 2 nmol of 3-OH 14:0/g of dry weight (Table 1) .
Sensitivity. When the heptafluorobutyric anhydride derivative of the hydroxy fatty acids was analyzed with splitless injection on glass capillary columns with the flame ionization detector, the sensitivity limit (measured in integrator counts 2.5 times the background) for 3-OH 14:0 was 4.1 x 10-12 mol. By using electron capture detection, the sensitivity was 2.26 x 10-13 mol of 3-OH 14:0.
Hydrolysis. Release of the fatty acids covalently bonded to the LPS in the lipid-extracted residue was routinely done in acid since both ester and amide-linked fatty acids might be present. Strong acid (6 N HCI) treatment resulted in poor recoveries of authentic 3-OH fatty acids so 1 N HCl was used. The acid catalyzed formation of esters with nonhydroxy fatty acids in the lipid phase reported by Wilkinson (34) did not occur with 1 N HCl and the recovery of added authentic 12-OH 18:0 and 3-OH 14:0 was quantitative.
Chromatographic analysis. The hydroxy fatty acids recovered after mild acid hydrolysis of the lipid-extracted residue of estuarine sediment are illustrated in Fig. 2 . The internal standard of 413 pmol of hexadecanol was added just before derivatization with heptafluorobutyric anhydride. When hydrogenation of the methyl esters was done, an additional internal standard of 19:0 methyl ester was added. The elution times of known standards are indicated on the ordinate.
Identification of the hydroxy fatty acids. The presence of a carboxyl group in the lipids was verified by demonstrating preferential partitioning into aqueous base from petroleum ether and back into petroleum ether after acidification of the aqueous phase. This procedure was used in the purification of samples from the environment. There was quantitative recovery of 3-OH 14:0 in this procedure. Although the heptafluorobutyric anhydride derivatives gave greater sensitivity and were much less damaging to the polar stationary phases of the capillary columns, the TMSi ether derivatives gave a more definitive fragmentation pattern with GC-MS. Unsaturation was demonstrated by fragmentography and the shift on catalytic hydrogenation. The positions of unsaturation were not determined.
The criteria for identification are listed in Table 2 .
Distribution of bound hydroxy fatty acids. The data of Table 1 show the distribution of the bound hydroxy fatty acids and lists the extractable phospholipid content of each system. The pseudomonads examined appear to be distinctly different from the E. coli, which is in agreement with previous studies (21, 28 of LPS in nature (23) , the measurement is probably indicative of only the viable gram-negative population.
With few exceptions (35) , all bacterial LPS conta ns lipid A, but there is wide variation in the d( tailed composition among different organisms 21, 35) . The fatty acid composition in the lipid A ;an reflect the composition of the growth mediut 'in some organisms (35 (23) .
Although the Limulus amebocyte lysate coagulation assay has been utilized widely in water column samples (24) and can be extremely sensitive (13) same samples (27) , a lack of specificity to some bacterial products (7, 33) , and since a change in turbidity is the measure of activity, the microbes attached to sediments must be quantitatively recovered from the sediments for assay. Hydroxy fatty acids are widely distributed in nature (3, 6, 12, 26) . In sediments, the bound, acid-labile hydroxy fatty acids form the largest pools (5) (12, 14, 15) . In plants these fatty acids are minor components of the seed oils or fragments of the cutin or suberin hydrolyses and are most often extractable with the lipids. Nonextractable hydroxy fatty acids typical of those from plants have not complicated the assay of marine and estuarine sediments.
Community structure. The composition of the hydroxy fatty acids can be utilized to give additional insight into the community structure as in Table 1 . From the LPS hydroxy fatty acid analysis, the gram-negative organisms in the estuarine and groundwater aquifer sediments indicate a complex mixture of a wide variety of organisms. Since this method utilizes purification and assay by GLC, it should be possible to utilize enrichment of '3C with analysis by GC-MS to follow rates of synthesis and turnover in the specific components of the community.
Muramic acid can be determined by the application of an additional acid hydrolysis of the residue extracted for the LPS-lipid A hydroxy fatty acids (see Fig. 1) (Findlay et al., in press ). This can provide another estimate of the community structure. The estuarine and groundwater aquifer sediments used for the data of Table 1 contained 860 ± 60 and 2.1 ± 1.2 nmol of muramic acid/g of dry weight, respectively. The ratios of muramic acid to the 3-OH 14:0 from the lipid A of the estuarine and aquifer sediments were 380 and 14, respectively, indicating the groundwater aquifer contained a larger proportion of procaryotes with the 3-OH 14:0 type of LPS than the estuarine sediments.
